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The present study measures the sticking probability of heavy water (D2O) on H2O- and on D2O-ice
and probes the influence of selective OD-stretch excitation on D2O sticking on these ices. Molec-
ular beam techniques are combined with infrared laser excitation to allow for precise control of
incident angle, translational energy, and vibrational state of the incident molecules. For a transla-
tional energy of 69 kJ/mol and large incident angles (θ ≥ 45◦), the sticking probability of D2O
on H2O-ice was found to be 1% lower than on D2O-ice. OD-stretch excitation by IR laser pump-
ing of the incident D2O molecules produces no detectable change of the D2O sticking probability
(<10−3). The results are compared with other gas/surface systems for which the effect of vibra-
tional excitation on trapping has been probed experimentally. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4742914]
I. INTRODUCTION
The interaction of water with solid surfaces plays a fun-
damental role in many industrial and natural processes. Ex-
amples are catalysis, corrosion, and electrochemistry but also
atmospheric chemistry and astrophysics. The physisorption
probability of water on ice is a key parameter in the mod-
eling of polar stratospheric cloud formation.1 Additionally,
adsorption of water molecules is of relevance to the growth
of ice on interstellar dust grains.2, 3 The ice on these grains
forms an important diagnostics of circumstellar environments
of evolved stars since it can be identified by its infrared fea-
tures and contains information about the physical conditions
in the envelope.
In this study, the sticking probability of D2O on H2O-
ice and on D2O-ice is investigated using state-selective vibra-
tional excitation of the incident water molecules by laser ra-
diation in a molecular beam. The molecular beam allows for
precise control of speed and incident angle of the molecules
impinging on the surface and the infrared laser pumping pre-
pares a fraction of the beam in a selected ro-vibrational eigen-
state with one quantum of OD-stretch vibration. Previous
molecular beam studies have investigated the sticking of H2O
on H2O-ice4, 5 and D2O on D2O-ice6 but without selective vi-
brational state preparation. Sticking probabilities were found
to be close to unity for small incident angles over a wide range
of incident speed but decrease with increasing velocity com-
ponent parallel to the surface.4 To our knowledge no data is
available on isotope effects and the influence of vibrational
excitation on the sticking probability of water on ice. The
present study explores these questions in order to increase our
understanding of the dynamics of water sticking on ice.
a)Author to whom correspondence should be addressed. Electronic mail:
rainer.beck@epfl.ch.
II. EXPERIMENTAL
Experiments were performed in an ultra high vacuum
(UHV) surface science/molecular beam apparatus (base pres-
sure 10−10 mbar), designed to investigate interactions of laser
excited molecules with solid surfaces.7–9 This section gives a
brief summary of the most relevant features of the machine
and the modifications made for the present study.
The molecular beam of water is generated by bubbling
He gas at 2.0 bar through a reservoir containing D2O (ob-
tained from Sigma-Aldrich with 99.9% isotopic purity) kept
at 273 K for a vapor pressure of 5 mbar.10 The resulting 0.25%
D2O in He mixture undergoes a continuous supersonic ex-
pansion through a temperature controlled nozzle with an ori-
fice of 50 μm diameter. The gas line between D2O reservoir
and nozzle is heated to prevent condensation whereas the wa-
ter reservoir can be cooled below room temperature in order
to reduce the seed ratio of water in the molecular beam. A
molecular beam is extracted from the supersonic expansion
in the source chamber by a nickel skimmer (Beam Dynam-
ics) and transmitted via two differential pumping stages be-
fore entering the UHV chamber through an aperture of 2 mm
diameter. A quadrupole mass spectrometer (QMS) is mounted
in the UHV chamber in line-of-sight of the molecular beam to
measure its speed distribution by a time-of-flight technique in
combination with a 200 Hz chopper wheel located in the sec-
ond differential pumping stage. For the experiments presented
here, nozzle temperatures of 373 K and 673 K where used re-
sulting in average translational energies for D2O of 38 kJ/mol
and 69 kJ/mol with a FWHM of the translational energy dis-
tributions of 6 kJ/mol and 17 kJ/mol, respectively. From the
vibrational energy level structure of D2O,11 the thermal vi-
brational energy content is calculated to be 1.4 kJ/mol for a
nozzle temperature of 673 K which is negligible compared
to the incident translational energy of 38 and 69 kJ/mol and
34 kJ/mol of state specific OD-stretch vibrational energy.
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The QMS is also used to measure sticking probabilities
of D2O on ice by the King and Wells beam reflection tech-
nique (K&W hereafter).12 For this study, we employed two
different molecular beam skimmer sizes: 1 mm and 0.5 mm.
The skimmer with 1 mm diameter orifice was used to generate
an intense molecular beam in order to achieve maximal QMS
signal to noise ratio for the K&W measurements. However,
we noticed a systematic error of 0.7% in the sticking proba-
bility measured by the K&W method with the 1 mm skimmer
due to scattering of a small fraction of the D2O beam by the
2 mm diameter entrance aperture of the UHV chamber. Ap-
parently some D2O molecules could enter the UHV cham-
ber and be detected by the QMS without ever colliding with
the cold target surface. For this reason, the highest sticking
probability measured with the 1 mm skimmer was 0.993 in-
stead of 1. This systematic error could be eliminated at the
cost of lower QMS S/N ratio by installing a 0.5 mm diameter
skimmer in the source chamber, which reduced the molecular
beam diameter to avoid scattering at the entrance aperture.
Quantum state specific ro-vibrational excitation of the in-
cident molecular beam was achieved by optical pumping us-
ing a high power continuous-wave infrared optical parametric
oscillator (cw IR-OPO, Argos model 2400, Lockheed Martin
Aculight Corp.) The OPO idler wave is tunable from 2550 -
3100 cm−1 with an output power up to 1 W. The IR beam was
focused by a cylindrical lens (f = +250 mm) in the molecular
beam direction to form a 1.4 × 3 mm interaction region with
the molecular beam located 18 mm from the target surface.
Doppler tuning resulting from the passage of the D2O beam
through the curved wavefronts of the focused IR field gen-
erates a suitable frequency chirp to produce complete vibra-
tional population transfer by rapid adiabatic passage.13 Res-
onance with a specific ro-vibrational transition is maintained
through the deposition experiment by frequency locking of
the OPO idler to a Lamb-dip (Doppler free saturation hole)
in the Doppler broadened D2O absorption line detected in a
static gas cell held at room temperature.9
The vibrationally excited D2O molecules in the molecu-
lar beam were detected by a pyroelectric detector that could
be moved to intercept the molecular beam in the UHV cham-
ber. Since the pyroelectric detector element is sensitive only to
temperature changes, it can be used to selectively measure the
vibrational energy content of the molecular beam when the IR
beam is suitably modulated. To quantify the rotational level
populations of D2O in the molecular beam, we record the IR
power dependence of the pyroelectric detector signal for ex-
citation from the five lowest rotational levels (Figure 1(b))
for a nozzle temperature of 373 K. The asymptotic value of
the pyroelectric detector signal at high IR power is propor-
tional to rotational level population and independent of the
transition dipole moment and can therefore be used to mon-
itor the relative D2O rotational level population. Compari-
son of asymptotic detector signals with the calculated rota-
tional level population as a function of rotational temperature
(Figure 1(a)) indicates a rotational temperature of 12 ± 1 K.
Under these conditions, the most populated rotational level is
111 (JKaKc), with an asymptote of 144 mV which corresponds
to 30% of the total population of the first five levels. Since
the power dependence for excitation of the R11(1) transition
FIG. 1. Panel (a): Calculated fractional population of the five lowest ro-
tational levels of D2O as function of rotational temperature. Close to Trot
= 0 K, only the lowest rotational state of each of the two nuclear spin iso-
mers (ortho and para) is populated in a 2:1 ortho:para ratio. Panel (b): Pyro-
electric detector signal as function of excitation laser power monitoring the
initial population of specific JKaKc-levels in a 1% D2O in He expansion for
TN = 373 K. Each asymptote A of the power dependences (obtained from
a fit of y = A(1-e−k(x-xc)) to the data) represents the population in the ini-
tial level of the indicated transition. Comparison of the two graphs yields a
maximal excited fraction of 30% for the R11(1) transition.
does not quite reach the asymptote (Figure 1(b)), we estimate
that the IR pumping on this transition excites up to 25% of
the D2O in the molecular beam to the first excited state of
the ν3 antisymmetric OD-stretch normal mode vibration at
2808.76 cm−1.
A Ni(111) single-crystal sample with 10 mm diameter is
mounted on a four-axis manipulator in the center of the UHV
chamber. The Ni sample can be cooled to 100 K by flowing
liquid nitrogen through the sample mount and heated up to
1200 K by electron impact from the backside for annealing.
The Ni(111) surface is cleaned by Ar+ sputtering followed by
annealing to 1000 K. H2O-ice surfaces are prepared expos-
ing the cold Ni(111) surface (Ts = 100 K) to 200 Langmuir
of H2O vapor. Since ice is known to grow layer by layer on
Ni(111),14 we expect the formation of a homogeneous amor-
phous ice surface. The temperature programmed desorption
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FIG. 2. D2O partial pressure changes in UHV chamber when a H2O or D2O
ice surface is exposed to a D2O molecular beam (Et = 69 kJ/mol, θ = 60◦,
Ts = 108 K) in comparison to D2O scattering from an inert PTFE beam flag.
Initially, when the D2O beam strikes with H2O surface, a larger pressure rise
is detected (see insert) than for the three subsequent exposures when the ice
surface is covered with D2O-ice. For the final exposure, the D2O beam is
scattered off an inert flag (0% sticking) instead off the ice surface.
profile of such a film (not shown here) includes a shoulder
at TS = 152 K which can be assigned to crystallization.15
After preparation, the H2O-ice layer is exposed to the molec-
ular beam of D2O at a given angle of incidence to study the
sticking of D2O on H2O-ice by the K&W method. With an in-
cident water flux of 3 × 1012 molecules/s (estimated from the
pressure rise in the UHV chamber when the molecular beam
strikes an inert flag at room temperature) and a 4 mm molecu-
lar beam diameter at the surface, it takes about 45 seconds to
deposit a monolayer of D2O on the H2O ice assuming a water
monolayer density of 1.06 × 1015 molecules/cm2.5 To obtain
the sticking probability of D2O on H2O-ice, we analyze only
the first 5 seconds of the QMS trace during which less than
11% of a D2O monolayer is deposited on the H2O-ice. After
several minutes of molecular beam exposure, many layers of
D2O have frozen on the initial H2O-ice surface. This allows
for the consecutive measurement of the sticking probabilities
of D2O on H2O-ice followed by D2O on D2O-ice, as shown
by a typical QMS trace in Figure 2.
III. RESULTS AND DISCUSSION
A. Isotope effect in ground state (v = 0) sticking
Figure 3 presents the vibrational ground state sticking
probability of D2O on H2O-ice and on D2O-ice as a func-
tion of angle of incidence θ for two different incident transla-
tional energies Et = 38 and 69 kJ/mol. At Et = 38 kJ/mol, the
sticking probability on D2O-ice is near unity (0.99-0.995) for
the whole range of incident angles in agreement with results
reported by Gibson et al.6 In contrast, at Et = 69 kJ/mol, a de-
crease in sticking is observed with increasing incident angle
θ for θ ≥ 45◦. A similar effect was observed for the stick-
ing of H2O on H2O-ice by Batista et al.4 and explained to
be due to the increasing velocity component parallel to the
surface with increasing angle of incidence. It was suggested
FIG. 3. Ground state sticking probabilities of D2O on H2O- and D2O-ice as
function of incident angle for Et = 38 kJ/mol and 69 kJ/mol. The D2O stick-
ing probability decreases with increasing speed parallel to the surface. D2O
trapping on H2O-ice is slightly (1%) lower than on D2O-ice. The error-bars
indicate the standard deviation of at least three independent measurements.
that at high parallel velocity, the incident water molecules do
not have sufficient time to reorient into a favorable orienta-
tion for adsorption on the two stable adsorption sites (A and
B sites). Simulations by Batista et al. showed that H2O fits
best on an A site if both hydrogen atoms point towards the
surface whereas on a B site only one H-atom points towards
the surface and the other away from the surface. If the speed
of the molecule parallel to the surface is greater than about
1000 m/s, the incident molecules do not have sufficient time
to reorient according to the changing potentials of A and B
sites leading to the observed reduction in sticking probability.
The comparison of the data shown in Figure 3 suggests
a higher sticking coefficient for D2O on D2O-ice than for
D2O on H2O-ice particularly at high incident translational
energy and incident angle θ > 45◦. This isotope effect is
also visible in Figure 2, which shows a typical result of a
K&W experiment that measures consecutively the sticking
of D2O on H2O-ice followed by D2O on D2O-ice. Initially,
when the molecular beam strikes the clean H2O-ice surface,
one can see a sharp rise in the D2O-partial pressure followed
by a slow decay towards lower constant D2O-partial pres-
sure (Figure 2: insert). Just after the sharp rise, the D2O-
partial pressure quantifies the fraction of D2O molecules,
which do not stick but scatter from the H2O-ice. The final
lower D2O-partial pressure corresponds to the fraction of D2O
molecules scattered from D2O-ice layer built-up during the
200 seconds exposure to the D2O beam. This variation in
D2O pressure during the first 200 seconds of the experiment
shows that D2O molecules are less likely to stick on H2O-ice
than on D2O-ice. For the measurement presented in Figure 2
(Et = 69 kJ/mol, θ = 60◦) the difference between sticking of
D2O on D2O-ice and on H2O-ice is about 1%. This isotope
effect is observed over the whole range of incident angles and
translational energies covered in this study and increases with
increasing incident angle and translational energy. In order to
rationalize these observations, we consider Baule’s formula16
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for the sticking probability in a head-on binary collision as








Equation (1) predicts a small reduction in sticking proba-
bility of S = 0.003 for the sticking probabilities of D2O im-
pinging on H2O-ice compared to D2O-ice which agrees qual-
itatively with the measured difference at normal incidence.
However, the simple Baule model is not sufficient to describe
the investigated system. It does not take into account the pos-
sible interaction of an incident molecule with several surface
molecules and the coupling to lattice vibrations. In addition,
it does not reproduce the increase of the isotope effect with
increasing speed and larger incident angles. In contrary, the
Baule formula predicts a decreasing isotope effect with larger
incident angles because this model only considers momentum
transfer normal to the surface.17 On the other hand, the sug-
gestion made by Batista et al. that parallel momentum plays
also a role in decreasing the water sticking cannot help to ra-
tionalize the increase in isotope effect observed here for large
angles of incidence.4 In their model, the sticking probabil-
ity is related to the time available for steering of the incident
molecule into a favorable orientation for adsorption. Since the
interaction potential of the two isotope-ices towards the in-
cident D2O molecule should be identical, no isotope effect
could arise. Application of Baule’s formula shows that less
efficient energy transfer due to the difference in masses of
H2O and D2O molecules may play a role in the observed iso-
tope effect. To fully account for the observed effect, we plan to
perform measurements of H2O sticking on H2O-ice and D2O-
ice. If the isotope effect is caused by the mismatch in masses
between H2O and D2O, one expects a higher sticking coeffi-
cient for H2O on H2O-ice than H2O on D2O-ice. However, if
the effect is due to the higher density of phonon vibrational
states for D2O-ice than for H2O-ice, the sticking probabil-
ity of H2O might be higher on D2O-ice than on H2O-ice. As
the phonons of hindered translations and rotations have been
shown to cause the lattice isotope effects in the diffusion of
helium through H2O-ice and D2O-ice18 they could also play
a role in the sticking dynamics of water on ice.
B. Insensitivity of sticking to vibrational excitation
The previous section showed how we use the QMS sig-
nal to monitor the flux of scattered D2O molecules from the
cold ice surface to obtain the D2O sticking probability by the
K&W method. This technique also enables us to probe for ef-
fects of vibrational excitation of the incident D2O on its stick-
ing coefficient on ice. Figure 4 shows the scattered D2O QMS
signal at 20 amu, for an incident D2O molecular beam (blue
trace) of 38 kJ/mol translational energy colliding at normal
incidence with a D2O covered surface at TS = 108 K. Under
these conditions, we measure a sticking probability of 0.995
(Figure 3). The observed pressure rise (Figure 4) when the
molecular beam is admitted to the UHV chamber indicates
that 99.5% of the D2O in the molecular beam is frozen out
on the D2O-ice surface. If vibrational excitation of the inci-
FIG. 4. D2O partial pressure rise during scattering of a D2O molecular
beam (Et = 38 kJ/mol, normal incidence) from the D2O ice-covered surface
(Ts = 108 K). Less than 1% of the incident D2O molecules are reflected. IR
pumping of the antisymmetric OD-stretch normal mode of 25% of the inci-
dent molecules produces no detectable change in D2O partial pressure (red
line indicates laser on/off).
dent D2O had an effect on the sticking coefficient, we should
see a change in the scattered D2O flux upon IR pumping of
the incident D2O beam. In order to maximize the signal to
noise ratio for the detection of the scattered D2O flux shown
in Figure 4, we used a QMS dwell time of 10 seconds. After
23 min of exposure of the cold surface to a molecular beam
of D2O without IR pumping, an optical shutter is opened and
about 1 W of IR radiation from the OPO is introduced into
the UHV chamber to excite the molecular beam as described
above. The R11(1) transition of the antisymmetric OD-stretch
of D2O is excited yielding an excited fraction of 25% of the
incident D2O molecules with one quantum (2787.7 cm−1) of
OD-stretch and 42.1 cm−1 (J = 2) of rotational energy. The
shutter is repeatedly opened and closed in 50 s intervals as
shown by the red trace in Figure 4. As shown in the magnified
section of Figure 4, no partial pressure changes in phase with
the IR pumping are observable, which indicated that there is
no detectable effect of vibrational excitation on the sticking
coefficient of D2O on D2O-ice under the conditions of this
experiment.
From the noise of the QMS signal, we estimate an upper
limit for a possible effect of ro-vibrational excitation on the
sticking probability. With the rms noise of 300 ct/s and a total
rise in the QMS signal of 3 × 104 ct/s, we obtain an upper
limit of 10−4 (0.01%) for the change in sticking probability.
However, for the laser-on experiments, the 1mm skimmer was
used to increase the molecular beam flux (>1 ML/s) in order
to obtain better S/N ratio for the QMS signal. Scattering of
the larger molecular beam caused a negative offset of 0.7%
in the measured sticking probabilities (see experimental sec-
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tion). The observed rise in D2O partial pressure corresponds
to 1.2% of the D2O molecules that enter the UHV chamber
but 0.7% never collided with the cold surface due to scatter-
ing at the entrance aperture. Due to this experimental artifact,
the noise of 300 ct/s has to be compared to a rise of only
12 5000 ct/s caused by D2O scattered from the surface and
consequently corresponds to a change of 2.4 × 10−4 (0.024%)
in sticking probability. With an excited fraction of 25%, the
vibrationally induced change in sticking probability must be
smaller than SLaser < 1 × 10−3 to show no detectable change
in the QMS trace. Similar results were obtained for differ-
ent incident angles between 0◦ and 60◦ and for 38 kJ/mol as
well as 69 kJ/mol translational energy. In addition, no influ-
ence of ice morphology (amorphous or crystalline) could be
found. This was tested by annealing the ice above crystalliza-
tion temperature and cooling back down to TS = 108 K before
the experiment. In the case of excited D2O sticking on H2O-
ice an upper limit of SLaser < 4 × 10−2 was found due to
experimental limitations.
The insensitivity of the sticking probability to vibrational
excitation for D2O on ice reported here is similar to findings
of previous studies of the trapping of vibrationally excited
molecules on insulator, metal and semiconductor surfaces.
Gibson et al.6 reported that thermal vibrational excitation of
incident H2O on H2O-ice is not responsible for the fact that
the sticking probability of water on ice does not reach exactly
unity under the conditions of their experiments. A study of
trapping of NO on Au(111) by Wodtke et al.19 found that
trapping on this metal surface at TS = 300 and 480 K is in-
sensitive to vibrational excitation of the incident NO to v = 2.
For Si(100), Bisson et al.20 reported that the dissociative
chemisorption of SiH4 on this semiconductor surface is vibra-
tionally activated both for a direct and a precursor mediated
pathway which implies that SiH-stretch overtone excitation
of SiH4 does not prevent its trapping on Si(100) at TS
= 373 K. These results stand in contrast to findings of
Sibener and Lee21 who report that thermal vibrational
excitation of SF6 and CCl4 reduces their sticking probability
on their respective solid phases (amorphous ices of SF6
and CCl4) at low incident energy under conditions of high
sticking coefficient (≥99%) similar to the conditions used
here. However, the reduction of the sticking due to vibrational
energy was found to be much smaller than the reduction
caused by an equivalent amount of translational energy. The
apparent discrepancy between the observations of Sibener
and Lee and the other studies cited could be explained by a
simple phenomenological model proposed by Doll22 which
predicts that low frequency vibrations will have a stronger
effect on the trapping probability than high frequency modes.
If the incoming molecule is to be trapped in the ph-
ysisorption well, it has to transfer a sufficient amount of in-
cident normal translational energy to the surface as indicated
by the Baule equation. Damping of the incident vibrational
energy is necessary for trapping only if significant mechanical
coupling exists between the incident molecule’s vibration and
the translation degree of freedom along the surface normal
(V-T coupling). Unsuccessful attempts23, 24 to achieve isotope
selective desorption by vibrational excitation of physisorbed
molecules from insulator and metal surfaces showed that vi-
bration/translation coupling is often negligible compared to
the coupling to the surface modes, even for insulators such as
NaCl.23 The lack of isotope selectivity and the observation of
a laser fluence threshold for vibrational pre-desorption were
interpreted in terms of a resonant heating mechanism25 where
the substrate temperature is raised due to vibrational energy
transfer from internal modes of the adsorbate to surface vibra-
tions (phonons) leading to thermal desorption. Microscopic
reversibility (time-reversal) connects vibrational desorption to
trapping of a vibrationally excited molecule. Therefore, both
the insensitivity of trapping to vibrational excitation observed
here and the lack of evidence documented in the literature
for direct desorption due to resonant vibrational excitation
are consistent with negligible coupling between the high fre-
quency internal absorbate vibrations and the translation mo-
tion of the adsorbate molecule relative to the surface.
IV. SUMMARY
In summary, measurements of the ground state sticking
probability of D2O on D2O-ice and on H2O-ice are reported
which show near unity sticking coefficients (with a 1% iso-
tope effect), except for large angle of incidence and high inci-
dent translation energy when a significant velocity component
parallel to the surface appears to reduce the trapping probabil-
ity. State resolved measurements of the sticking probability
of D2O on ice show that vibrational excitation of the incident
D2O with one quantum of OD-stretch causes no detectable
change in sticking probability (<10−3). It is suggested that a
lack of V-T coupling in the D2O surface scattering is respon-
sible for the insensitivity of trapping to vibrational excitation.
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